Inositol compounds with three to five phosphate groups (IP3-IP5) were produced by hydrolysis of phytate (inositol hexaphosphate, IP6) and their binding affinities for calcium and zinc investigated at neutral pH with relative concentrations that had been found in a range of students' meals. Zn solubility was negligible a t many of these concentrations, with less Zn bound to precipitates of Ca-TP6 than Ca-IP5. The capacity to precipitate Zn a t these ratios fell between IP5 and IP3. Zn was partially desorbed by soluble chelators (histidine and picolinate), especially when it had been adsorbed to preformed Ca-IP precipitates. A lower proportion of Zn was accessible to soluble chelators from Ca-IP4 than the other compounds. IP3-TP4 were hydrolysed by phytase more readily than IP5-IP6.
Both in vitro and in vivo methods have proved valuable in furthering our understanding of the influence of phytate on zinc bioavailability in rats; from these experiments it has become clear that the calcium content of the diet is of vital importance (Wise, 1986) . Binding studies have shown that trace amounts of Zn do not precipitate phytate in the absence of Ca, but at concentrations present in typical rat diets, all Zn is bound to the Ca-phytate precipitate in vitro. When fed on a variety of diets by Davies et al. (1985) , rats gained weight in proportion to the molar ratio of (Ca x phytate) : Zn. High bioavailability of Zn can be simply explained at low phytate, high Ca concentrations and at high phytate, low Ca concentrations; in the latter case, most of the phytate is not precipitated and is, therefore, hydrolysed by intestinal phytase (EC 3.1.3.26) (Bitar & Reinhold, 1972) . In rats fed on high-Ca diets, phytate hydrolysis appears to depend mainly on caecal bacterial phytase and this has been demonstrated by both in vivo (Wise & Gilburt, 1 9 8 2~; and in vitro techniques (Wise & Gilburt, 1987) . In vitro studies have also shown that various chelating agents like histidine are able to desorb some Zn from the Zn-Ca-phytate precipitate, and the capacity of the rat's intestinal contents to desorb Zn has also been shown to depend on dietary protein (Wise & Gilburt, 1982b) . Similarly, in vivo studies have concluded that increased dietary protein is able to reduce the detrimental effect of dietary phytate on Zn absorption in rats and humans (Sandstrom et al. 1980; Davies, 1982) .
The Zn available for desorption depends on the order in which Zn, Ca and phytate are mixed; this may be important since when Zn is co-precipitated with Ca and phytate, a proportion appears to be located within the particles and hence is not readily desorbed (Wise & Gilburt, 1983) .
The classical ferric phytate precipitation method is usually interpreted in terms of inositol hexaphosphate (IP6), although other inositol phosphates (IPS) are also included in the precipitate (Anderson, 1963) . Similarly, previous studies of the chemistry and biological effects of the IPS have generally employed IP6 . Although IP6 is the form synthesized by plants (Maga, 1982) , this may be hydrolysed by heat in extrusion cooking (Sandberg et al. 1987) , and enzymically either in the preparation of food (Nayini & Markakis, 1983) or in the intestine as a result of exogenous (Sandberg et al. 1987) , endogenous (Bitar & Reinhold, 1972) or bacterial phytase (Wise & Gilburt, 1987) . In vivo experiments in quail (Coturnix coturnix) (Tao et al. 1986 ) and rats (Lonnerdal et al. 1989) have shown that inositol pentaphosphate (IP5) reduces Zn bioavailability in the same way as IP6 but lower IPS do not. The present study was designed to expand previous in vilro work on IP6 to its hydrolysis products, with particular emphasis on the amounts of Zn, Ca and phytate present in human meals.
METHODS
lnositol tri-, tetra-and pentaphosphates (IP3, IP4 and IP5 respectively) were prepared from 20 g IP6 (Sigma Chemical Co., Poole, Dorset) at pH 4.0 by autoclaving for either 30 or 60 min at 121" and 103 kPa. After neutralization and dilution of the two hydrolysed samples, they were mixed and half was applied to a glass column (35 x 600 mm) containing Dowex-1 ion-exchange resin of 200-400 mesh (Sigma Chemical Co.). It was eluted over a 0-0.95 M-hydrochloric acid linear gradient for 19.5 h and at 0.95 M for 4.5 h, at the rate of 200 ml/h, and two hundred 25 ml fractions collected (Phillippy et al. 1987) . The separation was repeated to collect as much of the compounds as possible. They were identified by analysis of phosphate (Sumner, 1944) and inositol. The samples (2 ml) were sealed in Pyrex tubes containing 2 ml concentrated HCI, and hydrolysed at 110" for 48 h (Fardiaz & Markakis, 1981) . They were then analysed by the sodium metaperiodate method of Agranoff et al. (1958) . Inositol monophosphate (IPI) and diphosphate (IP2) eluted with phosphate but the other IPS were relatively well separated. Since different phosphate groups may be hydrolysed, pure compounds would not be expected to result from the reaction ; different locations of phosphate groups may influence the elution characteristics. Samples closest to the molar ratios of IP3, IP4 and IP5 were neutralized and concentrated to 5 mM at 40".
Ratios for the in vitro studies were chosen to cover the range found in meals consumed by nutrition students : 1Ps:Zn of 1, 5, 10, 15, 20, 30, 40 and 80; Ca:Zn of 15, 50, 100, 200 , 300 and 500. Duplicate portions of 5 ml 0-125 mM-zinc sulphate were mixed with calcium chloride and then IP added, the pH was adjusted to 7, then made up to 25 ml and centrifuged at 2400 g for 20 min to sediment the precipitate (Wise & Gilburt, 1981) . The proportion of metal remaining in solution was determined by atomic absorption spectrophotometry.
The effect of two chelating agents on desorption of Zn from IP3-IP6 was determined at Ca : Zn and IP : Zn of 100 and 10 respectively. The molar ratios employed for picolinate : Zn and histidine:Zn were 50 and 250 respectively. The orders of addition were tested, and in each case five replicates were included in the experiment; the results were analysed by twoway analysis of variance. The proportion of co-precipitated Zn that was accessible to chelating agent was calculated from the following formula :
where b and c are the amounts of Zn desorbed from the co-precipitated particles and the surface-bound particles respectively, and Tis the total amount of Zn originally added (Wise & Gilburt, 1983) .
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Five replicates containing Ca: Zn : IP, as in the chelation experiments, were incubated with 3.1 mg wheat phytase (Sigma Chemical Co.) at 55' and portions of 1 ml removed after 0, 0.5, 1, 1.5, 2, 3 and 4 h. The reaction was stopped by 2 ml trichloroacetic acid (125 g/l) and analysed for phosphate.
100.
The solubilities of Ca and Zn in the presence of IPS at different ratios are shown in Fig.  1 (a-f) . At low Ca concentrations, there were clear differences, with less Ca precipitated and markedly less Zn bound to IP6 than 1P5, particularly when more IP was present. At medium Ca concentrations, IP6 stood out as being the only compound that did not bind Zn well at high IP concentrations. The capacity to precipitate Zn fell between IP5 and IP3. Histidine and picolinate both desorbed Zn from IPS, to a greater extent when the Zn had been added to a preformed Ca-IP precipitate (see Fig. 2 ). Histidine was relatively less effective than picolinate at the concentrations chosen only for IP6, but its effect was similar for the other IPS. The accessibility of Zn in co-precipitated Ca-IP was similar whether estimated from the histidine or picolinate results (see Table 1 ). IP4 appeared to contain the greatest proportion of Zn within the particles, followed by IP5 and IP3, which were similar, and then IP6, which bore about 40 YO of the Zn near enough to the surface for desorption by the chelator. When picolinate was present before co-precipitation of Zn with Ca and IP could occur, the majority of the Zn remained in solution : IP6,69 YO ; IP5, 69 YO ; IP4, 87 Yo ; and IP3, 99 YO. These were similar values to the experiments in which Zn had been added after precipitation, and show that little Zn entered the particles. After incubation with phytase, more hydrolysis occurred with IP4 and IP3, compared with IP6 and IPS (see Fig.  3 ). 
DISCUSSION
Clearly it is now considered insufficient to perform studies exclusively with the IP6 form of phytate, and it has been recognized that further research is needed on IPS with fewer phosphate groups (Mills & Davies, 1988) . The proportions of the IPS in a bran-flake cereal were found to be 7, 13, 32 and 44% of the total as TP3-IP6 respectively; somewhat higher percentages as IP6 were found in canned kidney beans (Phaseolus vulgaris) and white bread (Phillippy et al. 1988) . It is hoped that future food analysis will give more information on which to base an estimate of the dietary content of all the IPS, but at present no such attempt appears to have been made. The speciation in the small intestine should deserve greater attention in future studies. For example, Sandberg et al. (1987) has shown the following percentages of IP3-IP6 after feeding bran, which itself contained mainly IP6 : 18, 23, 14 and 45. It appeared that IP5 had the strongest binding capacity for Zn, especially at low Ca concentrations, while IP6 had the weakest. Between IP5 and IP3 there was a decline in binding activity so that solubilities were generally greatest for IP3, as might be expected from the number of phosphate groups. It is difficult to compare these results directly with others in the literature, because the conditions of precipitation are rarely comparable. It is known that Ca-IP6 forms an amorphous precipitate (Hoff-Jsrgensen, 1944) , and that generally the particle size increases as the ratio of Ca : IP6 increases (Campbell et al. 1981 ).
It has also been shown that precipitation of Ca-IP6 may be reduced at low Ca:IP6 ratios by sodium chloride and milk (Clydesdale, 1988) , and it may also bind to protein (De Rham & Jost, 1979) and peptides (Cheryan, 1980) . The relatively low binding of Zn to IP6 under certain conditions found here is not surprising, since it has been shown previously that half the Zn was soluble at Ca: IP6: Zn molar ratios of 6: 3 : 1 (Clydesdale, 1988) . Further work is needed to investigate the effect of a wide range of substances on the binding of Zn to the other IPS under simulated intestinal conditions, but it can be suggested from these in vitro studies that most of the Zn would be bound to IPS at concentrations found in practical meals. Differences in the structures of Ca-IP complexes precipitated in the present study have been inferred from their reactions with chelators, IP6 having differential competitive activity against histidine and picolinate at the concentrations tested, for both coprecipitated and surface-bound precipitates. Only a few amino acids previously tested (Wise & Gilburt, 1982b) were able to compete with Ca-IP6, of which histidine was a particularly potent example. Further work is required to show whether this differential competitiveness imparts a particular advantage to IP6 as a Zn-binding agent in the intestine. Stability constants have been used to predict the potential effects on growth of such compounds (Clydesdale, 1988) ; those with low constants may be unable to compete with phytate, and those with excessively high constants may desorb Zn, but fail to yield the metal to body tissues.
In vitro experiments are unable to mimic all the conditions in vivo, and in this case the order of reaction appears to be of great importance. There is no reason to suppose that
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dietary Zn is added to the mixture after precipitation, but this may the case for endogenously secreted Zn. In a rat model, endogenous Zn has also been shown to bind to IP6, as demonstrated by its lower re-absorption (Davies & Nightingale,l975), but it is possible that a surface location would confer some advantage for endogenous Zn. It is also possible that the presence of some chelators before precipitation might reduce the incorporation of some Zn into the particles, as demonstrated in these in vitro experiments with picolinate.
The formula used to calculate the proportion of Zn accessible to the chelating agent has been derived from an assumption that the partition between the soluble chelator and precipitate is the same for a co-precipitated complex as it is for one in which Zn was added after precipitation. The concept of accessibility is important, but difficult to validate in vivo. It has previously been shown that low Zn:IP6 ratios lead to higher accessibilities to a soluble chelator than do high ratios, and this would theoretically be beneficial in highphytate diets . It appeared that Zn, co-precipitated with IP4, would most likely be incorporated into the particles, and this might be expected to lead to a larger effect of this compound on Zn availability. However, experiments in which the individual compounds were fed to quail (Tao et al. 1986 ) and rats (Lonnerdal et al. 1989) showed that IP6 and IPS reduced Zn bioavailability whereas IP4 and IP3 did not. It is possible that the present results employing phytase might contribute to an understanding of this phenomenon. Both these compounds were most easily hydrolysed by phytase, even though they were present in particulate form. Presumably they are more soluble and, hence, present themselves in greater concentrations to the enzyme. Further work is required to establish the extent of phytate hydrolysis in humans; hydrolysis of soluble sodium-IP6 is not a good model for phytase activity in vivo where Ca is present, and Ca-IP6 is less easily hydrolysed than other Ca-IPS and may, therefore, give a false impression of the overall phytase activity. Assaying phytase activity may be further complicated by the fact that phytase is activated by Zn (Bitar & Reinhold, 1972) . which may explain how phytate reduces the mucosal activity of phytase (Bhandari, 1980) .
